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Polyaniline was synthesized by the chemical oxidation of aniline in an HCl solution by 
ammonium persulfate. The temperature of the synthesis was varied to increase the molecular 
weight of the polymer from 37,600 Da to 52,400 Da. Soxhlet extraction using methanol as the 
primary solvent was performed on half the sample in order to further increase the average 
molecular weight by approximately 3150 Da and decrease the polydispersity index by 0.8. Films 
were cast from 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) and N-methyl-2-
pyrrolidone (NMP) and then doped with trifluoromethanesulfonic acid.  
The effect of the soxhlet extraction and synthesis temperature on the polymer’s properties 
were analyzed. Among the properties examined were thermal events, crystallinity, molecular 
weight, electrical conductivity, and infrared spectra. Soxhlet extraction proved useful in rinsing 
out not only short chain oligomers, but also residual solvent and dopant. This lack of solvent and 
oligomers proved advantageous to the properties of the polyaniline films, resulting in films that 
were more conductive and of higher crystallinity since higher molecular weight polymers have 
larger crystal domains. An unexpected result of the extraction was that the polymer powder 
showed a resilience to solid state crosslinking, an irreversible process which occurs at 
approximately 150°C which decreases the conductivity of the polymer by orders of magnitude.  
 
 
Decreased synthesis temperature also proved advantageous, producing polymer of 
significantly higher molecular weight. Films made from polymer synthesized at room 
temperature resulted in films which were brittle and cracked easily upon doping. This 
mechanical shortcoming resulted in films which were much less conductive than films cast from 
polymer synthesized at low temperature. The increased temperature and heat required for 
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 Due to their easy processability, relatively light weight, and versatile mechanical 
properties, polymers have received a great deal of attention for a number of applications. Long 
before the realization of their chemical structure, polymers have been used in various forms such 
as textiles and fibers. The versatile nature of polymers was further enhanced with the advent of 
man-made and synthetic polymers and is still being expanded on today. One of the most 
profound polymeric discoveries of the twentieth century was that some polymers could conduct 
electricity. This was a serendipitous discovery by the Shirakawa lab when an excessive amount 
of catalyst was used in the synthesis of polyacetylene which resulted in a black film which was 
mildly electrically conductive 2. This class of organic conductors and semiconductors has since 
been termed Intrinsically Conductive Polymers (ICPs) and have replaced their inorganic 
counterparts in a number of applications such as lasers, electro-optic devices like solar cells, 
semiconductors, electronics, and sensors for both biological and chemical analytes. 
 ICPs are polymeric materials which conduct electricity without additives. This definition 
excludes extrinsically conductive polymer composites: non-conductive polymer combined with 
additives such as polycarbonate / stainless steel composites 3. A number of polymers have been 
shown to be intrinsically conductive, a few of which are shown in Figure 1. There are several 
advantages to these ICPs compared to their inorganic counterparts. One advantage is their low 
density which leads to more lightweight electronics. The ability to create lightweight electronics 
is imperative for extraterrestrial exploration where every kilogram of cargo requires thousands of 








Figure 1. Structures of commonly used conducting polymers 
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solar array to provide the necessary energy. The cost of transporting these solar cells will 
decrease substantially if organic or hybrid solar cells are used. Another advantage ICPs have 
over inorganics is their flexibility. Flexibility allows for ICPs to be coated onto existing fibers or 
spun into fibers themselves which are ideal for wearable electronics such as biosensors. A third 
advantage of ICPs is their tunable conductivity which makes ICPs ideal candidates to be used for 
optical applications such as organic LEDs and solar cells. 
 The main drawback to ICPs is that they are difficult to process since ICPs typically do 
not melt and have limited solubility. Both of these characteristics arise due to the conjugated π 
electron system present in the polymer backbone, a trait which is absolutely necessary for the 
transport of electrons through the system. The conjugated π system results in rigid polymer 
backbones which ash before gaining the thermal energy to slip past each other. This means that 
most ICPs typically do not have thermal transitions such as a melting point or glass transition 
point. The conjugated π system also results in a strong π – π stacking interactions between 
neighboring chains 5. While this attraction is imperative for the conduction mechanism of ICPs, 
it also results in chains that are difficult to separate via solvation.  
 One way around the issue of solvation is the addition of side chains. An example of this 
can be found in Figure 1 when comparing polythiophene and poly-3-alkylthiophene (P3AT). It 
can be seen that both polymers share the same polythiophene backbone, the difference being the 
additional side chains of P3AT. The purpose of the side chains is to give organic solvents a site 
to interact with, essentially a “handle” on an otherwise insoluble backbone. The most common 
example of P3AT has the addition of a hexyl group (R= -C6H13) yielding the polymer poly-3-
hexylthiophene (P3HT). P3HT is much more easily processable, increasing the solubility from 
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essentially none to 84.1 mg/ml in some solvents 6 without changing the band gap of 
polythiophene 7-8.   
 A third problem with ICPs is their reactivity in ambient atmosphere. When oxygen is 
introduced into the system the conjugated π backbone is disturbed and the conductivity suffers as 
a result. For example, P3HT synthesized under an inert atmosphere has electron mobility of 
approximately 0.1 cm2/V s 9 while the same polymer synthesized under ambient atmosphere had 
a much lower mobility of 0.045 cm2/V s 10. This trend has also been observed with exposure of 
P3HT devices to atmospheric conditions. In one study observing the behavior of P3HT for 
possible application in solar cells, P3HT lost 95% electron mobility after being stored in 
ambient, dry atmosphere for 18 days 11. Polythiophenes made with varying synthesis methods 
and side chains have been developed to overcome this instability, but there is always a tradeoff 
between electron mobility and stability in air 12-14. 
 An alternative to permanently modified polymers like P3AT is a polymeric system that 
can be reversibly switched between a soluble, nonconductive form and a form which is 
conductive but not easily processable. Polyaniline (PANI) offers such a solution. In addition to 
its ease of processability, PANI also shows stability under atmospheric conditions. First 
discovered in 1862 during an investigation of nitrobenzene poisoning, its utility was not realized 
until it was doped to its semi-conductive state in the early 1980s 15-16. Since then, PANI has 
become widely used for a variety of applications including devices such as battery cathodes, 
supercapacitors, and chemical sensors 17-19. The conductivity of PANI relative to other common 
materials and ICPs can be compared in Figure 2. 
 Due to the novelty of PANI, there are still some aspects of preparation which need further 
investigation. An example of this is synthesis temperature. Many studies use PANI synthesized 
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at sub-zero temperatures while other studies polymerize at room temperature 20-21. Even among 
researchers that perform temperature-controlled synthesis, there is no agreed-upon temperature.  
PANI is made up of alternating benzoid rings and nitrogen atoms which are in the para 








Figure 2. Comparison of the conductivity of a few ICPs to the conductivity of common 
materials. This figure was modified from the third edition of The Handbook of 
Conducting Polymers, Chapter 15 5.  
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polymerization can be broken down into three general steps: initiation, dimerization, and 
propagation. The polymerization reaction has been shown to be surface catalyzed, meaning 
PANI will first polymerize on available surfaces before precipitating in solution 22. In the 
absence of a suitable surface, aniline monomers will initiate the polymerization and form aniline 
dimers and then oligomers which quickly become insoluble as chain length increases. These 
aniline oligomers become solid particulates, the surface of which catalyzes PANI propagation. 
Oxidized aniline now has two pathways: kinetically favorable propagation of existing polymer 
chains or unfavorable initiation of a new aniline dimer. When considering the PANI synthesis 
mechanism one cannot overlook the possibility of defects such as the ortho coupling of aniline 23 
and the initiation of side chains onto non-terminal rings 24. When considering the kinetics of 
aniline polymerization and its side reactions, it suggests that lower temperatures should result in 
longer polymer chains with fewer defects.  
Another step in the production of PANI used by many researchers is soxhlet extraction. 
Soxhlet extraction is a method of washing the solid PANI powder with a solvent which readily 
dissolves low molecular weight PANI but not high molecular weight PANI. The theory behind a 
soxhlet extraction is that the solvent will wash out short chain oligomers while leaving the longer 
polymer chains.  
In this study, both of these aspects of PANI preparation were investigated. The objective 
of this research will be to explore variations in synthesis temperature to observe the dependence 
of various characteristics including crystallinity, polymer weight, electrical conductivity, and 
thermal properties. A second variable which will be explored is the effect of soxhlet extraction. 







Reversible Oxidation/Reduction of Polyaniline 
 Polyaniline describes a class of polymers of the general composition 
 








Pure PANI has three forms depending on the ratio of reduced/oxidized repeat units: 
leucoemeraldine base, emeraldine base, and pernigraniline base which correspond to x = 0, 0.5, 
and 1 respectively. In addition to these three forms consisting of only polyaniline, a third form 






can easily be converted between any of these forms and each form has different characteristics. 
The reversible nature of PANI can be seen in Figure 3. 
Leucoemeraldine base (LEB) is the most reduced form of PANI, being comprised of 
alternating phenyl rings and tertiary amines. Due to the lack of a conjugated π backbone, LEB is 
an insulator with a conductivity of 10-10 S/cm and a band gap of 3.57 eV 25. While not 
conductive, LEB is much more easily processable than most other ICPs due to its high solubility 
and definable melting point 26-27. While LEB is stable in solution, it quickly forms an oxide layer 
when exposed to ambient atmosphere. Surprisingly little work has been done on LEB compared 
to PANI’s more popular emeraldine base and emeraldine salt forms.  
Pernigraniline base (PNB) is the most oxidized form of PANI which is comprised of 
alternating phenyl/quinoid rings separated by secondary amines. Having a completely conjugated 
π backbone, PNB lies in the semiconductor range with a band gap of 2.3 eV 28. While this form 
of PANI does seem potentially useful, PNB quickly and spontaneously degrades back to 
emeraldine base which limits its applications.  




Emeraldine base (EB) is by far the most popular oxidation form of PANI in research and 
device fabrication. Like LEB, EB does not have a fully conjugated π backbone resulting in an 
insulating material with a band gap of 3.60 eV 29-30 and conductivity on the order of 10-9 S/cm 31. 
Although not electrically conductive, EB is the most easily processable form of PANI since EB 
is stable under atmospheric conditions. EB is also soluble in solvents such as N-methyl-2-
pyrrolidinone (NMP), capable of solubilize 10% weight EB for 60 minutes without gelation, and 
thermodynamically superior 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), 
capable of solubilizing 17.5% weight EB for 400 minutes without gelation 26. This gelation is 
due to crosslinking of the polymer backbone and will be discussed in subsequent sections. Due to 
its atmospheric stability and relatively high solubility EB has been used as an intermediate to 
fabricate a variety of devices such as strain gauges and pH monitors, field effect transistors, and 
conductive film material for circuit boards which can be used once the EB is easily doped into 
ES 32-34. 
Emeraldine salt (ES) is the form of PANI of interest as an ICP. ES has a small band gap 
of 1.5 eV which results in a conductivity of 350 S/cm or greater, 11 orders of magnitude higher 
than any other form of PANI 35-36. This transition between insulator to semiconductor occurs 
without any change of electrons on the polymer chain, instead adding hydrogen ions to the 
backbone of the polymer chain to induce the charge, a process which can be seen in Figure 4. 
Once the imine nitrogen has accepted the hydrogen and positive charge, the quinoid-imine 
double bond will rearrange resulting in a benzoid and cationic nitrogen radical. This cationic 
radical is called a hole and can be thought of as the equivalent to a positively charged electron. 
Once induced, the hole is distributed a short distance along the polymer backbone, typically no 
more than 20 monomer units 37. The theory relating these radicals and conductivity will be 
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discussed in the subsequent section. The drawback of ES is that it is much more difficult to 
process than its undoped counterpart, EB. The degree of solubility is largely dependent on the 
anionic dopant of the ES. For example ES doped with HCl is completely insoluble in DMF, but 
if doped with toluene-p-sulfonic acid the solubility increases dramatically 38. 
 
Band Theory of Solids 
The theory behind the conductivity of ICPs is called Band Theory and is based on the 
molecular orbitals of the polymers. While quantum aspects of the charge carriers are important, 
classical Band Theory describes the conduction mechanism. In order to build the molecular 
 
Figure 4 








orbital, one can first imagine a pair of carbon atoms sharing no elections. When bound in a single 
ethene molecule, the electrons create several energy states to be populated by elections including 
the HOMO and the LUMO: π and π* respectively. When another ethylene molecule is brought in 
close proximity, the orbitals interact forming two π and two π* energy states. When a sufficient 
number of ethylene molecules are stacked, the energy states act less like discrete orbitals and 
more like a series of bands in which electrons can move freely. In standard MO theory these 
would be considered the HOMO band and the LUMO band while in Band Theory they are called 
valence band and conduction band respectively. The distance between the two bands is the band 
gap (Eg) and represents the energy required to move an electron from the valence band to the 
conduction band. The fermi level is located midway between the valence and conduction bands. 
The transition between molecular orbital theory and band theory can be seen in Figure 5. 
Figure 5. The transitions from discrete energy levels of stacked ethylene 




At this point, Band Theory acts much like molecular orbital theory for inorganic 
semiconductors: conductivity cannot occur when both the HOMO and LUMO are completely 
filled or empty. In order to turn on the conductivity, an electron from the valence band must be 
given the energy to be promoted to the conduction band, the band gap energy. This concept is 
what links band gap and conductivity. Materials with a band gap greater than 3 eV are insulators, 
materials with a band gap between 1 eV and 3 eV are semiconductors, and materials with a band 
gap less than 1 eV are conductors. Some materials have valence and conduction bands which 
overlap, in other words a band gap of 0 eV, and are metallic conductors. This overlap indicates 
that both bands are partially filled with no energy input required. It should be pointed out that the 
conduction method is different between metals and semiconductors, for example the effect of 
temperature on conductivity. In semiconductors, increasing temperature promotes more electrons 
into the conduction band giving a positive correlation between temperature and conductivity 39. 
The reverse is true for most metals, increasing temperature having no effect on the distribution of 
electrons in the valence and conduction bands since no energy is required for electrons to go 
Figure 6 
 
Figure 6. Comparison of the band gaps of insulators, semiconductors, and metals. Note 
that in the overlapping bands of metals, both the conduction band and the valence band 
are partially filled allowing the material to be electrically conductive with no energy 
input. 
ig re 6 
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between the two. Instead of promoting conductivity, increased temperature causes lattice 
vibrations in metals which disrupt the electron’s path causing a negative correlation between 
temperature and conductivity 40. A comparison of band distances can be seen in Figure 6. 
 
Effect of Dopant on Conductivity 
The band gap can be decreased by doping. When EB is doped to ES, the destabilized 
bonding orbital is expressed as a new energy state between the valence and conduction bands 
called a polaron. This polaron acts like a stepping stone, decreasing the energy required for the 
electron to be promoted into the conduction band and turn on electrical conductivity.  
There are several types of polarons which can be used to turn on the conductivity of 
ICPs. The polaron described previously for PANI is a cationic radical and is comparable to a p-
type semiconductor. When an electron is removed from the top of the valence band, the 
electron’s pair will relax into an energy state outside of the valence band 37. This new energy 
state creates a virtual energy level located between the valence band and the fermi level. When 
many polarons are formed in a system, the virtual energy states overlap and form a continuous 
energy band. It is also possible to introduce an anionic radical to the conjugated polymer 
backbone. The added electron is not injected directly into the conduction band, as one would 
assume from inorganic semiconductor doping, but relaxes into a new energy level between the 
fermi level and the conduction band. Though theoretically as useful as the cationic polaron, 
anionic polarons are less stable which makes them less popular for practical and academic 
purposes 41. If a cationic polaron is further oxidized it is possible to create a system in which the 
two holes act as a single unit called a bipolaron. A parallel process can occur when an anionic 
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polaron is further reduced. The virtual energy states which arise from these cationic and anionic 
bipolarons are of similar energies as their singly charged counterparts but lie slightly closer to 
the fermi level. 
Polarons differ from bipolarons by their spin. Because polarons are formed due to radical 
ions, the spin of the unpaired electron is not negated resulting in a spin of ½. Bipolarons are 
formed from a pair of electrons being added or removed. With both the spin up and spin down 
electrons removed, the overall spin of the system is zero. The electron distribution in undoped, 
polaronic, and bipolaronic semiconductors can be seen in Figure 7. Polarons have been shown to 
be the method of conductivity for PANI by electron spin resonance (ESR) studies 42. Other ICPs 
use different polaronic states depending on their structure. For example polythiophenes are more 
 





stable in a bipolaronic state as observed in both experimental and theoretical studies 43,44. Still 
other ICPs switch between polaronic/bipolaronic states depending on the strength of the electric 
field. An example of this is doped poly (para-phenylene) which exhibits polaronic states below 
an electric field strength of 1.5 (±0.1) mV/Å and bipolaronic states above an electric field 
strength of 1.5 (±0.1) mV/Å 45.  
 
Polymerization Mechanism 
  The procedure for the chemical synthesis of polyaniline is well agreed upon among 
researchers 46-48. An aniline solution is made in acidic medium. An acidic medium is used to 
make the aniline more soluble and better control the synthetic pathway. At this point some 
researchers chill the acidic aniline solution while others perform the synthesis at room 
temperature. As previously mentioned, even among low temperature synthesis there is no agreed 
upon temperature at which to create reproducible polyaniline. Once the aniline solution is at the 
desired temperature, a solution of ammonium persulfate (APS) is added. Some syntheses add the 
entire solution of APS at once while others add the oxidizer over a period of time. APS oxidizes 
the aniline which begins the polymerization. APS addition continues until a molar excess of APS 
compared to aniline has been added. With the plethora of variations on PANI synthesis, it is little 
wonder that the quote by Professor A.G. MacDiarmid that “there are as many different types of 
PANI as there are people who synthesize it” has become a commonly parroted opinion. 
While the procedure for polyaniline synthesis is very straightforward, the mechanism 
behind the synthesis is still debated. In this work the polymerization mechanism for PANI will 
be broken down into three steps: initiation via aniline oxidation, dimerization, and propagation. 
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Many investigators believe that the initiation reaction for PANI synthesis involves the 
oxidation of a single electron from aniline by APS to form aniline cationic radical (Figure 8 A) 
49-51. While this is undisputed for single-electron oxidants such as Fe(III), the peroxydisulfate 
anion is a very powerful electron acceptor with a redox potential of +2.0 V versus NHE. 







or as a two-electron oxidizing agent, as with Pb(II): 
Pb+2 + S2O8
-2 + 2H2O→ PbO2 + 4H
+ + 2SO4
-2 
depending on the nature of the species being oxidized 52. There is computational evidence 
supporting the theory that APS acts as a two-electron oxidant based on the fact that the sulfate 



















Figure 8. Two proposed products for the oxidation of aniline by APS: A) aniline cationic 






Studies indicate that it is more thermodynamically stable for the sulfate anionic radical to further 
oxidize the aniline cationic radical producing the aniline nitrenium cation (Figure 8 B) after the 
loss of a hydrogen ion 53-54. Experimental evidence against the formation of a radical cation is 
presented by Behrman et al. in a study which showed that oxidation of aromatic amines with 
peroxydisulfate is not hindered by the presence of a radical trap, a species which would have 
halted any radical reaction 55.  
 Dimerization is a critical step in the polymerization process with numerous outcomes 
depending on the conditions at which the reaction occurs. Some of the possible dimerization 
products can be seen in Figure 9. The products are often described by the two sites which 
bonded to create it: the nitrogen being the “head” and the 4-position of the phenyl ring being the 
“tail.” For example, 4-aminodiphenylamine (4-ADPA) (Figure 9 C) is the product of a “head to 
tail” coupling while side product benzidine (Figure 9 D) is the product of “tail to tail” coupling. 
In an ideal situation, 4-ADPA would be the only product since all other structures lead to defects 
in PANI chains. Both possible forms of APS oxidized aniline (molecules A and B) form neutral 
4-ADPA through a head-to-tail reaction with aniline followed by the loss of two H+ ions for 
aniline cationic radical and a single H+ ion for aniline nitrenium cation. The prevalence of each 
dimerization product has been shown to be dependent on pH. The preferred 4-ADPA has been 
shown to be the dominant dimer under acidic conditions while hydrazobenzene is dominant in 
more basic solutions 56. Formation of benzidine via tail to tail dimerization becomes more 
frequent with increasing acidity: having negligible concentrations above pH 4, over 20% 
compared to 4-ADPA at pH less than 1, and nearly 50% in super acidic conditions of pH -2 57. 
Formation of azo compounds via head to head coupling show an inverse relationship to pH, their 
concentrations becoming more prevalent at more alkaline pH 58. It should be noted that these 
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trends have been observed in experiments using electrochemical methods. Little work exists on 
aniline dimerization using solution-based methods 52. 
 The mechanism for the propagation of polymer chains is fairly well agreed upon. Once 
aniline (AN) dimer has been formed, it is oxidized again and the chain builds onto it resulting in 
a stepwise oxidative polymerization. Due to the extended π/n electron system in aniline oligomer 
                                     
           
Figure 9 
Figure 9. Possible pathways for the oxidative dimerization of aniline. These are the products 
which have been observed with the chemical oxidation of aniline, many more have been observed 
when aniline is oxidized by electrochemical methods. The products are C) 4-
aminodiphenylamine, D) benzidine, E) 2-aminodiphenylamine, F) phenazine, G) 
hydrazobenzene,     H) azobenzene. 
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(OANI) and PANI, these chains are much more susceptible to oxidation by APS than AN since 
the chains will be more resonance stabilized 59. Once oxidized to [OANI]+2/[PANI]+2, a redox 
reaction occurs with an unreacted aniline molecule resulting in [OANI]•+/[PANI] •+ and AN•+. At 
this point the two cationic radicals combine and the OANI/PANI chain propagates. This cationic 
radical mechanism for propagation was proven experimentally when it was seen that the reaction 
was greatly hindered by the presence of radical cation traps 60. Computational studies were 
performed on OANI to see if propagation was possible by nitrenium cations. The calculations 
agreed with experimental studies that the radical cation mechanism was much more likely 61. The 
reactions for the addition of the first aniline monomer to 4-ADPA can be seen in Figure 10. As 
with dimerization, the regioselectivity of this combination is dependent on the environmental 
 
 




conditions, particularly pH. It has been proven that at more basic pH the redox reaction between 
the growing OANI and an aniline molecule occurs less readily, instead performing a Michael 
addition on a non-terminal phenyl ring 62. Further subsequent oxidation and aniline additions 
result in phenazine derivatives, also known as pseudo-mauveines a structure which can be seen 
in Figure 11. This matches well with experimental evidence for mauveine synthesis, first 
performed by Perkin over 150 years   ago 63. Mauveine was actually the first synthetic dye 
produced, first identified at “aniline purple” and later “Perkin's violet” 64. 
 
Reaction Kinetics 
Figure 12 shows standard curves used to determine the kinetics of PANI polymerization 
65. The curves clearly show a long initiation process with slow aniline consumption followed by 
a sharp increase in monomer conversion.  This two-step kinetic curve is an excellent example of 
an autocatalytic reaction. Three steps of PANI polymerization mechanism have been discussed, 
initiation, dimerization, and propagation, as well as a side reaction of the propagation step 
resulting in aniline purple. Few kinetic studies have been performed which observe the rate of 
aniline initiation and dimerization independently, the two processes typically being as studied as 
a single initiation step. PANI polymerization kinetics are almost always studied by observing the 
 
 
Figure 11. A possible aniline 
tetramer, one of many compounds 
which fall into the broad category 
“pseudo-mauveine,” formed at a 






rate of aniline consumption. By observing this variable alone, it is impossible to determine 
whether the products are PANI or pseudo-mauveine. While a seemingly enormous oversight, it is 
inconsequential from a synthetic standpoint since mauveine and its derivatives are very/slightly 
soluble in methanol/water respectively and are washed out in post-synthesis cleaning.  Following 




= 𝑘1[𝐴𝑁][𝐴𝑃𝑆] + 𝑘2′[𝐴𝑁][𝑃𝐴𝑁𝐼]                                       (1) 
 During the initiation phase of the reaction, the k1 term dominates since no PANI has yet 
been formed. With the production of a small amount of PANI, the k2 term quickly becomes 
dominant and PANI propagates rapidly. This kinetic expression is well agreed upon since it has 
been observed that the addition of pre-synthesized PANI to the system accelerates the reaction 22, 
67. Using equation 1 as a model for the polymerization, k1 = 4.18 × 10
-3 M-1 min-1 and k2 = 4.42   
M-1 min-1 at 4°C in 1 M HCl 22. This difference of approximately 103 between k1 and k2 is fairly 
constant over a wide range of synthetic conditions.  
Figure 12  
Figure 12 depicts typical kinetic 
curves of aniline polymerization. 
[AN]0 = 0.10M, [APS]0 = 0.125M. The 
reactions proceeded at: 1) 15°C, 2) 
25°C, 3) 30°C, 4) 35°C. Data taken by 
potentiometry (○) and UV/Vis (●). 






Increased acidity has actually been shown to increase the reaction rate which is 
counterintuitive since H+ is a product of the reaction 68. Both k1 and k2 have been shown to 
exponentially increase with increasing acidity from [HCl] = 0.25 M to 1 M with k1 increasing 
more rapidly 68. This relationship has lead researchers to believe that there must be a proton 
transfer mechanism at work in the polymerization 22.  
While this relationship between acidity and rate has been well documented, the effect of 
temperature on k1 and k2 is less quantified though it can easily be observed in Figure 12 
65. This 
temperature dependence on kinetics is the reason why some syntheses are performed at low 
temperatures. In order to increase the molecular weight of synthesized PANI one would need to 
maximize the ratio of k2/k1, essentially causing as few initiation events as possible so that aniline 
propagates into higher molecular weight chains. The enhanced performance of higher MW 
polymers is well documented and will be discussed in the subsequent section.    
In addition to the autocatalytic nature of PANI, it has been observed that other materials 
will also accelerate the polymerization 22.  This kinetic variation is apparent in the curves shown 
in Figure 13. In order to account for the fact that the reaction is catalyzed by any surface, not 




= 𝑘1[𝐴𝑁][𝐴𝑃𝑆] + 𝑘2𝜎[𝐴𝑁]𝑆                                     (2) 
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This expression is similar to equation (1) except that the [PANI] term is replaced by the total 
surface area available (S) and the catalytic activity of the surface (σ). Since the catalytic activity 
is empirical and the interfacial area present in the system is determined by the amount of 
polymer formed, equations (1) and (2) are equivalent.  
 
Effect of Chain Length on Polymer Properties 
 The simplest way to visualize polymers is as a collection of molecular ropes or chains 
with interactions of varying strength between individual chains. It is these intermolecular 
interactions which dictate the majority of observed properties of the polymer. It is obvious that 
longer polymer chains will have more opportunities for interactions with neighboring chains and, 
therefore, improved properties.  One mechanical property which can be changed by varying 
chain length is the hardness of a material. An example of this was seen in a study by Al-
Nasassrah et al where the tensile properties of various MW polyethylene glycols from 4,000 to 





Figure 13. Polymerization 
kinetics in the presence of 
different surfaces: 1) PANI, 2) 
Al2O3, 3) clean fabric, 4) no 
substrate. Taken from Tzou et     




and over two-fold increase in stress required to fracture the material. Other mechanical properties 
can also be affected by a large distribution of molecular weights. The presence of very low 
weight oligomers or monomers which can act as an intermolecular lubricant, also known as a 
plasticizer, and soften the polymeric material 70.  
 Unlike other materials, polymers typically exist as a combination of crystalline and 
amorphous regions. Crystallinity is one of the most important properties to electrical 
conductivity in ICPs because it has been shown that charge carriers travel much more easily 
through crystalline regions 5. One can imagine the ICP as conductive islands of crystalline 
material separated by amorphous areas with little conductivity. In this system conduction occurs 
when electrons tunnel between high conductivity islands. Higher MW polymers tend to exhibit 
higher degrees of crystallinity, though this trend does plateau. Researchers have tried numerous 
ways of increasing the crystallinity of PANI including spin-casting 71, stretch-alignment or 
“drawing” 72, and annealing 73 the films. In addition to increasing crystallinity, PANI/carbon 
nanotube composites have been fabricated in an attempt to bridge the amorphous regions with 
the conductive nanotubes 21, 74. An excellent way to achieve a small distance between 
neighboring chains is by creating PANI with high degrees of crystallinity by synthesizing the 
polymer with a high MW. 
 
Thermally Induced Crosslinking of PANI Backbones 
 While PANI in both the EB and ES states have been shown to be stable in air at ambient 
temperature, the dry polymer undergoes an irreversible transformation which occurs at elevated 
temperatures. This change has been identified as thermally-induced chemical crosslinking of the 
PANI backbones. It should be noted that other crosslinking reactions have been observed in 
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PANI including the chemical crosslinking caused by performing the synthesis in the presence of 
chemical crosslinkers 75 and solution-based physical crosslinking which occurs naturally over 
time 76. For the purposes of this discussion, “crosslinking” will refer to thermally-induced 
chemical crosslinking unless otherwise specified. The structure of crosslinked PANI, shown in 
Figure 14, was proposed by Scherr et al. and involves the imine nitrogen forming a covalent 
bond with a quinoid ring of a neighboring chain resulting in the crosslinked network polymer 1. 
The structure of crosslinked PANI has been verified spectrographically by observing the relative 
intensities of the quinoid and benzoid peaks via FTIR 77. The change is also evident in solid state  
C13NMR by the decreased intensity of the imine carbon peak accompanied by the increased 







Figure 14. Structure of 
crosslinking PANI first 
proposed by Scherr et al. 1 
and in agreement with 
several investigative 
methods such as FTIR 77 
and NMR 78.  
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been studied using DSC by Luo et al.79 Luo performed two analytical methods 80-81 to determine 
that the activation energy of the crosslinking reaction was 111 kJ/mol. While the final structure 
of thermally crosslinked PANI is well agreed upon, the mechanism behind the process is still 
debated.  
 Crosslinked PANI behaves differently from its un-crosslinked predecessor is several 
ways, most of which are undesirable. Due to crosslinking, the PANI chains are more tightly 
bound together which makes introducing other species into the solid polymer more difficult. As a 
result, crosslinked PANI is much less soluble in NMP since the solvent can no longer separate 
the polymer chains. Another effect of the tightly bound chains is that the films can be doped less 
thoroughly upon acid treatment 82. As a direct result of this doping difficulty, the conductivity of 
crosslinked films decreases by several orders of magnitude even when the film is reintroduced to 
a solution of the dopant 83. One positive effect of crosslinking is that the mechanical properties of 
PANI films improves with increasing temperature, a trend that continues until the polymer 
begins to degrade at higher temperatures 82.  
 
Surface Features of PANI Films 
 One aspect of PANI which has been under examination recently is the supramolecular 
structures the polymer formed when synthesized under varying conditions 84. For example when 
polyaniline is synthesized in solution with sunset yellow dye it forms choral-like structures with 
enhanced conductivity 85, in a solution of 0.4 M acetic acid it forms nanotubes 86, and in a 
solution of ammonia it forms microspheres 86. While these high surface area structures may be 
useful for energy storage purposes such as supercapacitors 87-88 and batteries 89, many 
applications for PANI films involve the charge transport from the polymeric film to a conductor 
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or other semiconductor. A few devices which would require this heterojunction between an ICP 
and neighboring material are solar cells and field effect transistors. High voltages are typically 
needed for ICP based electrical devices due to the poor charge transport between the polymer 
and the metal electrode 90. This difficulty in charge transport is likely due to very small peaks in 
the surface of the polymer resulting in only a small area of the surface in contact with the surface 







 In order for a material to reach its full potential, every aspect of its production must be 
scrutinized for optimization. Means of controlling intrinsic properties of the material are 
important, particularly with widely used materials like ICPs. Two aspects of PANI synthesis will 
be varied in order to determine their effect: 
1. Synthesis temperature of aniline polymerization 
2. Post-synthesis soxhlet extraction 
The objective of this research is to determine how these two characteristics of the PANI 
production process change the properties of their cast films, specifically properties which have 






Synthesis of Polyaniline 
Polyaniline was synthesized as emeraldine salt via polymerization with APS as the 
oxidizer and HCl as the dopant. Aniline was first dissolved in 1 M HCl or 1 M HCl/4 M LiCl if 
the synthesis was to be carried out below 0°C. Synthesis carried out at 0°C were performed in a 
standard ice bath. Syntheses done below 0°C were performed in a bath of water/ethylene glycol 
and held at a constant temperature by an immersion cooler. A 1 M APS solution was prepared by 
dissolving the APS in a 1.2:1 mole ratio to the aniline. The APS solution was made in 1 M HCl 
or 1 M HCl/4 M LiCl depending on reaction temperature. The APS solution was added dropwise 
to aniline solution at a rate of 2 mL/min. The reaction was allowed to stir at least 24 hours after 
the addition of the APS. The dark green solution was then filtered using standard vacuum 
filtration and the ES collected. The ES was allowed to dry at 50°C for 2 hours before being 
added to a solution of 1 M NH4OH. The solution was stirred overnight in order to allow the ES 
to dedope forming EB. The EB was then filtered and the resulting dark blue powder was dried at 
50°C overnight. Half of the resulting EB was stored in a glass vial under nitrogen atmosphere for 
later analysis. A soxhlet extraction was performed on the remaining EB. Methanol was used as 
the solvent and was replaced as needed. The soxhlet extraction proceeded until the solvent ran 
clear, typically 7 days. Upon completing the extraction, the EB was dried at 50°C and stored in 






Figure 15. Steps for the synthesis of PANI ES and its subsequent dedoping to EB and 




Films were cast using NMP or DMPU as a solvent. A 5% weight solution of PANI was 
made by slowly adding solid EB to stirring containers of solvent over six to eight hours. It was 
observed that films cast from these solutions looked as if there were undissolved particles which 
could not be filtered out of solution by vacuum filtration. In order to remove these particles, the 
PANI solution was centrifuged for 15 minutes at 3000 rpm. The centrifugation resulted in a clay-
like solid bottom layer and a liquid top layer. The bottom layer did not form films and was 
discarded. The top layer was pipetted into a petri dish and the solvent evaporated off at 50°C, a 
process which typically took several days. The EB film was then doped back to ES by the 
addition of 1 M trifluoromethanesulfonic acid (CF3HSO3) to the petri dish and soaking for 6 
hours. In addition to doping the PANI films, the overnight soak in acid caused the films to come 
free from the petri dishes. The films were then air-dried for an hour and their conductivities 
measured. A flow chart of the steps for film preparation has been provided in Figure 16.  
 
Characterization 
The EB powder was characterized for functionality by a Bruker Optics Alpha FTIR with 
an attenuated total reflectance diamond cell. Thermogravimetric analysis was performed using a 
TA Instruments model Q-5000 TGA. Differential scanning calorimetry was performed using a 
TA Instruments model Q-2000 DSC. The temperature of the DSC was increased by 2°C/min up 
to 350°C and was performed under a nitrogen blanket flowing at 5 ml/min. Gel permeation 
chromatography was performed by the Georgia Tech Research Institute. GPC was performed on 
a Waters 600 HPLC using a HSPEG2 column. The mobile phase was THF and the standards 
were poly (2-vinylpyridine) with a molecular weight range from 35 – 240 KDa. Degree of 
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crystallinity was determined by X-ray diffraction on a Rigaku MiniFlex II Benchtop X-Ray 
Diffractometer. Electrical conductivity was determined using a Jandel RM3-AR four-point 
probe. Conductivity was determined using a current of 100 mA. At least ten conductivity 
measurements were taken on each sample in order to account for variation of the samples 












RESULTS AND DISCUSSION 
X-Ray Diffraction 
X-ray diffraction (XRD) was performed in order to determine the crystallinity of EB 
powders. An increase in crystallinity would result in improved electrical conductivity since the 
high crystallinity would indicate a predisposition for the polymer to exist in an ordered state. 
Figure 17 compares the XRD patterns of the two samples prepared at -10°C with one sample 
having undergone a soxhlet extraction while the other did not. One important aspect of these 
patterns which must be addressed is the very broad “peak” around 21 2θ, an artifact called the 
amorphous halo. While most peaks in an XRD pattern are the result of some form of order in the 
material, the amorphous halo is formed due to the random orientation of polymer chains 91. This 
random orientation causes random scattering of the radiation resulting in a peak that is relatively 
broad compared to peaks caused by crystallinity. Comparing the extracted and unextracted PANI 
in Figure 17, it appears as if the amorphous halo gets larger compared to the peak at 25 2θ. This 
trend was observed in XRD patterns for all samples. This peak at 25 2θ is usually associated with 
doped ES, the XRD pattern of ES usually having only the single amorphous peak 92-93. The 
presence of the 25 2θ peak indicative of doped ES suggests that the PANI sample was not 
completely dedoped by the NH4OH solution. The reduction of this peak relative to the 
amorphous halo by the soxhlet extraction suggests that the extraction removes some of the 
dopant.  
A comparison of EB synthesized at different temperatures can be seen in Figure 18. It 
can be seen that the cold-temperature syntheses are significantly more crystalline than the room 
temperature synthesis, though this trend does not seem to continue between the sub-0°C 
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syntheses. The room temperature synthesis is obviously less crystalline due to the significant 
presence of the amorphous halo around 20 2θ. The other unique aspect of the room temperature 
synthesis PANI is the peak at 6 2θ. This peak has not yet been identified though it has been 
observed by other researchers 94. 
The post-synthesis heating also did not affect crystallinity, evident in Figure 19. The 
sample in Figure 19 was dried under a lamp at room temperature in order to avoid heating the 
powder before XRD was performed. The XRD patterns are taken from the same sample which 
was heated to 67°C and then 100°C for several hours before the respective XRD analysis. The 
height of the peak at 21 2θ does not increase relative to the amorphous halo, indicating no 
change in crystallinity. While most polymers can be made more crystalline by holding the 
material at elevated temperatures, several studies indicate that this is rarely the case for EB73, 95.   
  
 
Figure 17. Comparison of the XRD pattern of EB powder made in the same 
synthesis at -10°C with one sample having undergone a soxhlet extraction and 
the other being analyzed as-synthesized. The XRD data suggests an increase in 







Figure 19. Comparison of the changes in XRD patterns of a single sample of EB as it is heated. 






Figure 18. Comparison of the XRD pattern of EB powder synthesized under a variety of 
temperature conditions and not having undergone a soxhlet extraction. This comparison shows 
a large decrease in the amorphous halo between the room temperature synthesis and the 0°C 
synthesis. This data presents no clear correlation between synthesis temperature and 
crystallinity for PANI synthesized temperatures below 0°C. The peak at 6 2θ on the Room 




Gel Permeation Chromatography  
Gel Permeation chromatography was performed on select samples in order to determine 
the relative molecular weight of the PANI. A comparison of the relative molecular weight and 
polydispersity index can be seen in Table 1. By comparing the synthesis temperatures, it can be 
seen that the decreased temperature does result in polymer chains of higher molecular weight. 
This data suggests that decreased synthesis temperature may decrease the kinetics of aniline 
initiation more heavily than polyaniline propagation, resulting in fewer initiation events which 
results in fewer, longer PANI chains. 
This GPC data also sheds light on another aspect of the of this synthetic method; the 
result of the soxhlet extraction. The soxhlet extraction increased the average molecular weight of 
PANI synthesized as both room temperature and -20°C by 4.7% and 8.2% respectively. The 












Room Temp No 37,600 Da 3.2 
Room Temp Yes 39,400 Da 2.6 
0°C No 44,200 Da 3.0 
-20°C No 52,400 Da 3.4 
-20°C Yes 56,700 Da 2.4 
 
Table 1. Comparison of the number average molecular weight and polydispersity index 




increase in molecular weight and decrease in PDI indicates that the low molecular weight PANI 
and OANI chains were removed from the sample during the soxhlet extraction. 
 
Electrical Conductivity 
Measurements of the electrical conductivity of the cast PANI films was performed with 
the Jandel four-point probe. In this measurement, current is applied to a pair of probes and the 
voltage drop is measured by two different probes which are in line between the current probes. A 
four-point probe is advantageous for conductivity measurements of semiconductors because, if 
only two paints are used for simultaneous charge injections and voltage measurement, charge 
injection discrepancies can occur at the probe-material interface and affect the measured voltage 
drop. These injection discrepancies are significantly decreased if the current is supplied between 
a different pair of probes than the probes measuring the voltage drop.  
 
Table 2 
  -20°C No Soxhlet -20°C Soxhlet -20°C No Soxhlet -20°C Soxhlet 
Solvent NMP NMP DMPU DMPU 
Average 
Resistivity 
940.97 mΩ/□ 835.25 mΩ/□ 814.22 mΩ/□ 572.10 mΩ/□ 
Standard 
Deviation 
222.91 mΩ/□ 152.85 mΩ/□ 183.55 mΩ/□ 50.40 mΩ/□ 
% Deviation 23.69 % 18.30% 22.54% 8.80% 
 
Table 2. Comparison of the conductivity of samples synthesized at -20°C. It can be seen 
that samples which have undergone an extraction have less resistance. It can also be 





The effect of soxhlet extraction on electrical conductivity can be seen in Table 2. The 
difference in conductivity between PANI subjected to a soxhlet extraction and PANI that had not 
is evident in both samples cast in NMP and DMPU. The samples cast in NMP had a difference 
of 105 mΩ/□, which is within the standard deviation. The conductivity of the PANI samples cast 
from DMPU had less deviation and shows that a soxhlet extraction does increase the 
conductivity of PANI films.  
The effect of synthesis temperature on electrical conductivity can be seen in Table 3. 
While one may be able to extrapolate the trend of increasing resistivity with increasing synthesis 
temperature, the large deviation of samples of higher synthesis temperature makes it unclear. The 
large deviation is most likely due to the lack of mechanical integrity of the sample. Films cast 
from PANI synthesized at room temperature and 0°C were much more brittle and, while being 
doped in the triflic acid, began to break apart. An easily audible crunching sound could be heard 









0°C -10°C -20°C 
Average 
Resistivity 





1238 mΩ/□ 244.96 mΩ/□ 121.44 mΩ/□ 71.34 mΩ/□ 
% Deviation 53.13% 21.68% 36.57% 8.93% 
 
Table 3. Comparison of the conductivity of samples synthesized at various 
temperatures. While a trend for increasing conductivity with increasing molecular 




could be heard from the films from -10°C and -20°C synthesis. The mechanical failure of the 
brittle samples can be seen in the pictures of the samples in subsequent sections.  
  
Thermal Analysis 
 TGA and DSC were performed on the EB powder samples in order to determine whether 
the synthesis temperature or soxhlet extraction had any effect on the thermal properties of the 
PANI. A typical overlay of these two analyses can be seen in Figure 20. Three thermal events 
can be seen using these techniques: one from the starting temperature to 150 °C, a second from 
approximately 225°C to 300°C, and a third occurring above 300°C. The first event can be seen in 







Figure 20.  A typical example of TGA and DSC data. This data was taken of EB samples 
synthesized and soxhlet extracted simultaneously. The synthesis was performed at 0°C. 





DSC. This first event is attributed to a loss of dopant and residual solvent which remains even 
after drying the powder. It should be noted that the temperature at which the dopant is lost is 
very dependent on the dopant’s structure. For example a structurally small and simple dopant 
such as HCl is lost before 100°C 83 while large, bulky dopants such as 4-dodecylbenzenesulfonic 
acid have been shown to remain trapped in the polymer until 250°C 96. This solvent/dopant peak 
is not seen again when the same sample is heated a second time which means that this peak 
cannot be attributed to a reversible thermal transition of the polymer such as a glass transition 
point. The second event can be seen as a very small weight loss in the TGA accompanied by a 
broad exotherm in the DSC from approximately 225°C to 300°C. This has been attributed to 
crosslinking of the polymer backbone.  The third event is a continual decrease in weight on the 
TGA accompanied by an increasing exotherm on the DSC above 300°C. This event is the 
thermal degradation of the polymer, reducing the polymer to ash.  
Two distinct differences can be observed from the thermal analysis in this study. The first 
difference is between extracted and unextracted samples and deals with the solvent lost before 
150°C. This difference is visible in both TGA and DSC analyses, Figure 21 and Figure 22 
respectively. The difference in weight loss below 150°C between extracted and unextracted 
samples is evident in the TGA shown in Figure 21. The extracted samples lost an average of 
5.01% mass and the unextracted samples lost an average of 10.46% mass. This difference is also 
noticeable in Figure 22 which compares the DSC of extracted and unextracted EB synthesized at 
-20°C. The smaller endotherm in the extracted sample indicates that there is less solvent being 
heated from the sample, which is in agreement with the TGA data. Samples which have not been 
soxhlet extracted come into contact with water as a solvent almost exclusively before being dried 
and analyzed. On the other hand, soxhlet extracted samples spend approximately a week being 
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washed with methanol before drying and analysis. With previous solvent exposure and thermal 
analysis, it can be concluded the PANI has a higher affinity for water than for methanol.  
The second noticeable difference from the thermal analysis is the size of the exotherm 
between 150°C and 275°C which has been shown to be associated with PANI crosslinking. A 
soxhlet extraction causes the crosslinking exotherm to increase in size and for the maxima to 
shift toward a higher temperature. This phenomenon is most easily observed in a comparison of 
DSC data, shown in Figure 22. This trend can also be seen comparing the DSC of EB 
synthesized at different temperatures, seen in Figure 23 and calculated in Table 4. This data 
suggests that PANI chains of higher molecular weight crosslink less readily compared to lower 
molecular weight chains. The dependence of crosslinking rate on molecular weight has actually 
been observed before, though it was not attributed to crosslinking at the time 97. Interestingly, the 
opposite trend was observed for solution-based crosslinking by Oh et al. who reported that 
solutions of higher molecular weight PANI in NMP crosslinked faster than solutions made from 
















Figure 22. A comparison of DSC data of extracted and unextracted EB synthesized at 
-20°C. The difference in both the solvent loss peak around 100°C and the crosslinking 
peak around 250°C are representative of samples synthesized at sub-zero temperatures. 





Figure 21. An overlay of all TGA data from sub-zero synthesis. Samples that have 
undergone a soxhlet extraction are depicted with solid lines while sample that have not 
undergone extraction are depicted with dashed lines. It is evident that unextracted 
samples lose much more solvent from the larger weight loss below 100°C. This graph 























Figure 23. Comparison of the crosslinking peak of EB synthesized at different 
temperatures, all of which have been soxhlet extracted. The y-axis of the data has 
been shifted so that all curves are approximately equal from 150°C to 200°C. Because 
the integral is calculated with a sloping baseline, this shift does not affect the value of 
the integral. This graph was produced with TA Universal Analysis data processing 
software. 
Table 4. Integral of the crosslinking peak for each of the soxhlet extracted samples 
shown in Figure 23. The values are baseline-corrected integrals calculated by TA 
Universal Analysis data processing software. The integrals are calculated from 
187.5°C to their local minimum. The only data point which does not fit a linear trend 
is from EB synthesized at -10°C which can be explained by the abnormally narrow 
peak width. The DSC of unextracted EB synthesized at -10°C also has an 
uncharacteristically narrow crosslinking peak and the two do follow the trend 




Room Temp 122.2 J/g 
0°C 184.4 J/g 
-10°C 152.9 J/g 




In more thermodynamically appropriate terms, this peak shift indicates a positive correlation 
between chain length and activation energy (Ea) as well as total change in enthalpy (ΔH) of the 
crosslinking reaction, shown by a shift of the exotherm toward higher temperatures and an 
increase in the area of the exotherm respectively. One explanation for this difference in Ea and 
ΔH is that it may be due to variation in the mechanism of crosslinking between different portions 
of the polymer chain. For example, the reaction between a terminal nitrogen/phenyl ring and a 
section within the polymer backbone would differ thermodynamically from a reaction between 
two non-terminal portions of the PANI chain. Longer polymer chains have less terminal groups 
per gram which this data shows results in crosslinking reactions of higher Ea and ΔH. 
 
Qualitative Film Properties 
 A reoccurring problem in film synthesis was the mechanical failure of films. Low 
molecular weight films synthesized at higher temperatures had a tendency to crack when soaked 
in aqueous medium. The extent of fracturing varied significantly. In some instances, fracturing 
resulted in pieces that were too small to retain their structure and curled in on themselves upon 
evaporation of the water as in Figure 24A. Samples with this mechanical frailty could not be 
tested for electrical conductivity. In later samples the fracturing was less extinctive, the films 
retaining their integrity enough for its conductivity to be tested as seen in Figure 24C and 
Figure 24D. A comparison between films of different synthesis temperatures can also be seen in 
Figure 24C-F. It is evident that higher molecular weight films are less susceptible to fracture 
than lower molecular weight films. It was also seen that low MW films cast with DMPU as the 
solvent do not fracture as easily as the films cast with NMP, evident when comparing room 
temperature synthesis films in Figure 24C and Figure 24G. 
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 A reoccurring problem researchers face when working with polyaniline is crosslinking in 
solution which occurs slowly at room temperature. This crosslinking results in a gel which does 
not dry into a flat surface, but instead shrinks in on itself to form a very rigid bowl structure, seen 
in Figure 24B. As with heat-induced crosslinking discussed in the previous section, solution-
based crosslinking has been observed by many researchers, but few studies exist focusing on the 
phenomenon.  
Most electrical applications of polyaniline require the material to transport current from 
the PANI surface to another conductive surface. To do this efficiently, the surface of the PANI 
film should be as flat as possible in order to increase surface area in contact with the neighboring 
material. The fabricated films were observed under high magnification to determine surface 
roughness. Some of these images can be seen in Figure 25. It is evident that before being used in 







Figure 24. A collection of optical images of 
PANI films. The films are all in petri dishes 3 
inches in diameter.  
A) PANI film made from sample synthesized 
at room temperature which fractured when 
soaked in aqueous medium. 
B) PANI film made from EB synthesized at 
room temperature and soxhlet extracted. The 
PANI/NMP solution gelled and dried into the 
bowl-shape shown. 










C Room Temp No NMP 
D 0°C No NMP 
E -10°C No NMP 
F -20°C No NMP 
G Room Temp No DMPU 
H -10°C No DMPU 





 FTIR was performed to determine if either synthesis temperature or soxhlet extraction 
had any effect on the vibrational modes of the EB powder. Any change in these vibrational 
modes would indicate variations in the functional groups of the PANI powder samples. Figure 
26 shows the FTIR spectra of two samples synthesized together at -10°C to show the effect of 
soxhlet extraction. Characteristic peak determinations are in Table 5 with assignments taken 
from Tang et al 99. Three differences can be observed between extracted and unextracted 
samples: one in the relative intensities of the 1500 cm-1 and 1580 cm-1 peaks, a second in the 
shape of the peak around 1150 cm-1, and a third in the peak(s) around 820 cm-1. 
 The first difference between extracted and unextracted samples is the decreased ratio of 
the 1500/1580 cm-1 peaks of extracted samples. These peaks indicate the presence of benzoids 
and quinoids respectively. On average, the soxhlet extraction caused a 6% decrease in the 
benzoid peak compared to the quinoid peak. It has been shown that increasing presence of 
Figure 25. Zoomed optical images of PANI films. The images are of an area 520μm x 375μm. 
A) EB synthesized at 0°C, not soxhlet extracted, cast with a solution of NMP. 
B) EB synthesized at -20°C, soxhlet extracted, cast with a solution of DMPU. 





dopant in ES results in increased absorption of the benzoid peak at 1500 cm-1 with the most 
heavily doped samples having a 1500/1580 cm-1 peak ratio of nearly 200% 99. This increased 
benzoid presence indicates that the dedoping process with NH4OH was insufficient to completely 
remove the chloride from the system, but that dopant removal was furthered or completed by the 
soxhlet extraction. 
 The second difference is an apparent narrowing and shifting of the peak centered around 
1150 cm-1 when the EB undergoes a soxhlet extraction. The absorbance in this area is actually 
due to two different peaks, a narrow peak at 1160 cm-1 and a broad peak at 1140 cm-1. When 
PANI was first being investigated by MacDiarmid, the 1160 cm-1 peak was referred to as the 
“electron-like band” 100 and was associated with the degree of electron delocalization and 
therefore electrical conductivity. Upon future investigation, it was seen that this peak was not 
growing with increasing dopant level and conductivity, but instead a new peak at 1140 cm-1 was 
appearing which is much stronger and broader than the neighboring peak at 1160 cm-1. This 1140 
cm-1 peak increases rapidly with increasing dopant level and drowns out the 1160 cm-1 peak with 
very little added dopant. It can be seen in Figure 26 that unextracted EB has the broad 1140 cm-1 
peak as well as the 1160 cm-1 peak, distinguishable as a shoulder. EB subjected to a soxhlet 
extraction had no evidence of this peak. This reinforces the conclusion that the dedoping with 
NH4OH was incomplete and that the extraction removed some of the residual dopant.
 
 The third difference is in the peaks centered around 820 cm-1 corresponding to the 
aromatic C-H out of plane bend. This artifact tends to be a single peak for samples which have 
been soxhlet extracted. Samples which have not been soxhlet extracted have the same peak at 
820 cm-1 with an additional peak at 795 cm-1. While this pair of peaks can be seen in many 
studies 101-103, to this researcher’s knowledge it has never been commented on. This additional 
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peak is likely due to the incomplete dedoping, similar to the increased ratio of the 1500/1580 











Figure 26. A comparison of the IR spectra of two samples synthesized at -10°C         
(a) being analyzed after dedoping and (b) having undergone soxhlet extraction. 
  
 







Properties of PANI films can be altered by variations in the polymers synthesis and 
preparation and therefore so can PANI’s bulk properties. A few examples of possible variations 
are soxhlet extraction and synthesis temperature which have been shown to affect the molecular 
weight of the PANI chains.  
Soxhlet extraction is frequently employed as a means of washing a polymer sample for 
long periods of time in the hopes of extracting short chain oligomers from the sample. One effect 
of this which has been shown in this study is that the process extracts more than the oligomers, 
also removing residual solvent and dopant left from the synthesis. PANI films which have 
undergone soxhlet extraction are more conductive when cast into films and doped.  
The molecular weight of the synthesized PANI can also be affected by the temperature at 
which the synthesis was performed. Cooler temperatures slow the aniline initiation process 
which results in longer polymeric chains. These longer chains make mechanically superior films 
which are also more electrically conductive. 
One final observation from this study is the correlation between crosslinking and chain 
length. This study shows thermal evidence that longer PANI chains require more energy to 
crossling in the solid state. This observation is further supported by the fact that this trend has 





RECOMMENDATIONS FOR FUTURE WORK 
The following are recommended for further research in this area: 
1. Further study of the effect of soxhlet extraction with analysis via TGA with evolved gas 
analysis. In numerous pieces of literature on the subject of heating PANI, it is assumed 
that weight loss below 100°C is due to loss of solvent. While the loss of solvent may be 
involved, the fact that conductivity is reversibly lost when HCl doped ES is heated to 
100°C indicates that loss of dopant occurs as well. This analysis technique would also 
reveal whether methanol replaces the water as the trapped solvent or extracts a portion of 
the water without becoming trapped itself. In case of the former, a new solvent could be 
used with even less affinity than methanol resulting in a sample with less interstitial 
solvent and higher crystallinity. 
2. Further studies should be done on the crosslinking of PANI.  
a. Studies centered around the analysis of crosslinked PANI in order to determine a 
definite structure of the crosslinked polymer and, ideally, the mechanism behind 
the process. 
b. Studies on the rate of crosslinking at varying temperatures. If crosslinking occurs 
at fairly low temperatures such as those attained in the environment, it would 
severely limit the potential applications of the polymer to those in climate-
controlled, indoor areas.  
c. If crosslnking does prove problematic at atmospheric temperatures, methods of 
avoiding crosslinking should be developed. It has been shown in this study that 
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longer, more crystalline PANI chains require more energy to crosslink. This may 
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